ABSTRACT Radiation-induced bubble formation, a process known to cause the deterioration of reactor materials, produces O 2 /O 3 microatmospheres in the icy surface of Ganymede. Energetic ions in Jupiter's magnetosphere bombard this surface, producing vacancies and radicals in the ice. At the equatorial temperatures on Ganymede, the radicals migrate and react efficiently, forming new volatile species H 2 and O 2 , and the vacancies aggregate to form voids. Whereas the H 2 is lost readily, the O 2 accumulates, permeating the regolith, producing a weak atmosphere, and becoming trapped in the voids, forming gas-filled bubbles. Such bubbles (microatmospheres) form efficiently above 10.3-0.5 times the melting temperature of the material and can attain a high density of O 2 , consistent with the observation of "condensed" O 2 on Ganymede. Dissociation of O 2 in a microatmosphere by UV photons or the incident ions leads to formation of O 3 . Including the O( 1 D) interactions in the Chapman equations, a ratio O 3 /O 2 1 2 ϫ 10 Ϫ4 is obtained, close to the estimate based on observations of Ganymede.
INTRODUCTION
Energetic ions and electrons in the magnetospheres of Jupiter and Saturn are known to interact with the surfaces of the icy satellites (Johnson 1990) . A manifestation of this interaction is the sputtered O 2 atmosphere at Europa, predicted in 1982 based on laboratory data (Johnson, Lanzerotti, & Brown 1982; Johnson 1990 ) and apparently found by Hubble Space Telescope (HST) observations (Hall et al. 1995) . Recently, an O aurora was seen in Ganymede's polar region (Hall et al. 1996) , possibly connected with Ganymede's magnetic fields (Kivelson et al. 1996) . Even more remarkable is the observation of condensed O 2 (Spencer, Calvin, & Person 1995; Calvin, Johnson, & Spencer 1996) in the surface of Ganymede. This is indicated by two absorption bands in the visible region of the reflectance spectrum requiring simultaneous excitation of neighboring O 2 . The presence of this feature is very important as it shows radiation processing of ice occurs, but it is remarkable because condensed O 2 should rapidly sublime at the surface temperatures on Ganymede. More recently, an O 3 absorption band was seen in reflectance at Ganymede (Noll et al. 1996) . Here we describe how condensed O 2 can be stable in the surface of Ganymede because of irradiation-induced "bubble" formation, a process that affects the lifetime of reactor materials. We then describe how O 3 forms in these microatmospheres (bubbles). The process described can occur on other icy satellites, but, since the visible bands are weak and depend on the density of neighbors, the O 2 may be difficult to observe. However, the O 3 band may be observable.
BUBBLE FORMATION
Although helium and hydrogen diffuse readily in most room temperature materials, it is well established that long-term proton and ␣-particle (keV-MeV) irradiation leads to the formation of H 2 and He gas bubbles in nuclear reactor materials (Gittus 1978; Sattler & Jesser 1984; Scherzer 1985) . Radiation-produced bubbles are formed by the aggregation of vacancies and interstitial atoms produced by energetic ions, and growth is enhanced by annealing. Since the density of gas achievable in such bubbles can be close to solid-state densities (Yagi 1992) , this was a process suggested to account for the oxygen feature on Ganymede (Calvin et al. 1996) .
Bubble formation occurs in materials that are irradiated at temperatures sufficiently high for diffusion of vacancies to form vacancy aggregates (voids) (Gittus 1978) . Voids form preferentially at grain boundaries, at dislocations, or at an interface in a mixed material. If the vacancy concentration significantly exceeds that occurring in thermal equilibrium, voids can also nucleate in a large grain. In the track of an energetic heavy ion or an energetic electron, small voids form efficiently even at low temperatures due to multiple vacancy production. Above about 10.3-0.5 the melting temperature voids grow efficiently by vacancy migration (Gittus 1978) .
Protons and ␣-particles implanted into reactor material can trap as interstitials, trap at a defect, or trap at an interface. On trapping at a surface, H atoms can combine to form H 2 . At an exterior surface, the H 2 or He will escape. If He or H 2 trap at a void, or the H 2 forms on the surface of a void, they can accumulate as there is an activation barrier for becoming resoluble in the material. Gas trapping stabilizes the void, resulting in He or H 2 "bubbles" in the solid. The gas pressure in a bubble can build by the accumulation of molecules until it exceeds the surface tension, ␥, in which case He or H 2 are driven into the solid at a level determined by their solubility and the bubble pressure. Therefore, a maximum bubble radius, r, for a given pressure, p, is determined from
Under continuous radiation or annealing, bubbles "migrate" by diffusion of vacancies along their surface and by exchange of vacancies with the solid (Gittus 1978; Scherzer 1985) . Migration leads to growth of larger bubbles at the expense of smaller bubbles. On migrating to an exterior surface, the bubbles "burst," releasing the trapped gas. The bubbles can also connect, forming percolation pathways to the surface, particularly along grain boundaries. For reactor ma-THE ASTROPHYSICAL JOURNAL, 480 : L79-L82, 1997 May 1 ᭧ 1997. The American Astronomical Society. All rights reserved. Printed in U.S. A. terial such processes produce blistering, porosity, and structural damage.
The temperature is critical both to the aggregation of vacancies to form voids and to the diffusion and trapping of atoms or molecules in the voids. Therefore, the bubble radius produced in a grain by energetic ions varies roughly as
Here D is the appropriate diffusion coefficient, dE/dt is the energy deposition rate, and the exponent p (11/4) is a small number (Gittus 1978 ). This expression applies over a limited range of (dE/dt). As a lower limit, enough interstitial H or He must be implanted to achieve supersaturation. In equation (2) the dependence of r on diffusion is clear since rapid diffusion and trapping of interstitials stabilizes the voids and contributes to bubble growth. It is not as obvious that the bubble radius increases with decreasing energy deposition rate. However, an energetic ion penetrating a bubble causes dissolution and migration, which compete with aggregation and growth. Therefore, a low population of large bubbles is produced at a relatively low ion flux and high temperature, whereas a large population of small bubbles occurs when the production rate is high and the temperatures low. In this wa y, more penetrating ions, which do not sputter the surf ace or damage the material too rapidly, can form larger bubbles than less penetrating but highly damaging ions. At a grain boundary or at an interface in a mixed material, where bubbles form more efficiently, the process is more complex, but the trend is similar to that in equation (2). Finally, these same processes lead to segregation of impurities in irradiated materials, a process also relevant to the icy satellites.
ICY SURFACES IN SPACE
Voids 1 and, possibly, bubbles 2 have been seen to form in irradiated ice in a transmission electron microscope. Whereas helium and hydrogen are implanted into reactor materials, O 2 is f ormed in ice because of irradiation. This has been shown by the release of O 2 when a large sample of irradiated ice is warmed (e.g., Hart & Platzman 1966) . O 2 formation is also seen by sputter ejection from H 2 O bombarded by fast ions . More recently, a luminescence feature in photolyzed ice suggests O 2 forms from diffusing O atoms that react with O or other radiation products: OH, HO 2 , and H 2 O 2 (Matich et al. 1993) . Such reactions occur efficiently at defects or on surfaces, either an interior interface or the vacuum interface. Even at the highest temperatures on Ganymede, 1160 K, the O 2 produced is not soluble in crystalline H 2 O. However, as is the case for H 2 in metals, interstitial O can trap in a void forming O 2 , or O 2 formed in defects in a single ion track can migrate and combine with a bubble, contributing to bubble growth. Such segregation processes are known to be induced thermally and by ion irradiation (Scherzer 1985) , and the annealing of damage occurs in minutes at the equatorial temperatures on Ganymede.
By analogy with the effects occurring in reactor materials, O 2 , which is insoluable in ice at low temperatures, can approach condensed-state densities in a bubble. Using ␥ 2 80 dyn cm Ϫ1 in equation (1) If O 2 forms at the vacuum interface or reaches it by percolation, by diffusion along a grain boundary, or by bubble migration, it escapes. The O 2 thus released is seen as sputtering in laboratory experiments on ice . On an icy satellite, the released O 2 permeates the porous regolith, where it can be trapped by burial (Johnson & Quickenden 1996) , and forms an atmosphere over the surface of the moon (Johnson 1990; Hall 1996) .
Whereas ion penetration depths are small (11 m), the affected surface is large because of the high porosities and because H and O can diffuse efficiently in a grain. The production of O 2 in ice increases with increasing irradiation time (dose) at a rate that depends on the background temperature and is related to the loss of H 2 at the interface with the vacuum (Reimann et al. 1984) . In addition, the equilibrium level of O 2 production is found to increase with increasing excitation density. For this reason, UV photons (Westley et al. 1995) and fast protons produce O 2 much less efficiently than the heavy incident ions, He ϩ and O ϩ , which are important components of the plasma bombarding Ganymede (Hamilton et al. 1981) . The O implanted in ice only marginally affects the net O 2 produced, since significant dissociation and H 2 loss occurs for any fast-heavy ion incident on ice. The column density of O 2 indicated by the absorption band depths can be achieved in 11 yr on a fresh surface in Ganymede's equatorial region.
O 3 FORMATION IN AN O 2 BUBBLE
O 2 microatmospheres (bubbles) will experience direct ion irradiation and UV photolysis if they are within the ion or photon penetration depths (Noll et al. 1996) . The diffusion of O to an O 2 bubble will lead to the formation of O 3 , as will dissociation of O 2 by UV photons or the incident ions. Dissociation of O 3 is dominated by UV photons, so that the process producing O 3 in a bubble resembles that in the Earth's atmosphere. In describing photolysis in a bubble at solid-state densities, the Chapman reactions (Chamberlain & Hunten 1987) , which apply in the Earth's atmosphere, must be supplemented by the O( 1 D) quenching of O 3 (Benderskii & Wright 1995) . This occurs in competition with O( 1 D) deexcitation collisions. Ignoring the interaction of O 3 with H and OH radicals, the relevant equations are
The primes indicate the reactions involving O( 1 D), in addition to the Chapman reactions. Whereas J 3 is determined by the UV, which dominates the plasma-induced dissociation of O 3 , the plasma-induced dissociation rate of O 2 can be comparable to the value of J 2 given above.
In these equations the attenuation of the flux with depth is ignored, since the results depend on the ratio of J 2 and J 3 , as is the solid-state "cage" effect, since the k's also enter as a ratio. In those reactions in equation (3) that require a third body, it is presumed to be available at near solid-state densities, 1(2 ϫ 10 22 molecule cm Ϫ3 ) ϫ f , when calculating the reaction rate coefficients, where f Ͻ 1. The coefficients are extrapolations to 120 K (Baulch et al. 1994) . The use of rate constants requires that equilibrium chemistry occurs, a reasonable assumption for O 2 at 120 K in the bubble.
The equilibrium concentrations of O and O( 1 D) in equations (3) are small as ( J 2 /J 3 ) Ͻ Ͻ 1. Including only the Chapman reactions (no reactions with primes), O 3 dominates O 2 in the bubbles (Noll et al. 1996) :
However, including the O( 1 D) reactions, again using ( J 2 / J 3 ) Ͻ Ͻ 1,
This ratio is essentially independent of f from solid-state densities to densities occurring in the Earth's ozone layer! It is also remarkably close to the ratio deduced by Noll et al. (1996) comparing their HST data for O 3 to the O 2 data (Calvin et al. 1996) . It is the O( 1 D), produced by Hartley band dissociation of O 3 , which acts to suppress the concentration of O 3 in a microatmosphere, an effect seen in laboratory studies of the photolysis of solid O 3 (Benderskii & Wright 1995) . O 3 can be suppressed, as mentioned, by H and OH diffusion to the bubbles (H ϩ O 3 3 OH* ϩ O 2 , OHϩO 3 3HO 2 ϩ O 2 ) (Chamberlain & Hunten 1987) , whereas the plasma contribution to J 2 can increase the ratio. In addition, since O 2 and O 3 are seen in reflectance at very different frequencies, the path lengths of the reflected photons and attenuation of the flux need to be considered. These effects will be included in subsequent modeling.
GANYMEDE VERSUS EUROPA
On Ganymede, the "condensed" O 2 features are seen in reflectance at the 11%-2% level, whereas on more heavily irradiated Europa, they are not seen at the 10.2% level (Spencer et al. 1995) . This is due to a number of differences.
(1) Compositions of the energetic (Ͼ30 keV) ions, which are the dominant carriers of energy in the plasma flux, differ. Ignoring protons, the ratio of sulfur to oxygen drops by a factor of 2 in going from Europa to Ganymede, and the ratio of helium to oxygen ions increases by almost an order of magnitude (Hamilton et al. 1981) . Therefore, Ganymede has a lower flux dominated by more penetrating ions: smaller dE/dt in equation (2). (2) The larger flux of low-energy heavy ions at Europa (O ϩ , S ϩ ) sputters the surface more efficiently, removing volatile species. (3) Ganymede has a lower average albedo, hence higher temperatures, which enhances annealing and bubble growth. This, in turn, can enhance the visible bands, which depend on the O 2 density. (4) Due to annealing and the low ion fluxes, the mean path length of the reflected photons is larger at Ganymede (Clark, Fanale, & Gaffey 1986) , also increasing the weak O 2 band. (5) Release of O 2 is also caused by micrometeorite or grain impact, a more efficient process at Europa due to Jupiter's focusing of the micrometeorite flux and impact of grains from Io. (6) Finally, the sulfur contaminants in the ice at Europa compete efficiently for diffusing O or trapped O 2 forming SO 2 (rather than O 3 ) seen in reflectance at Europa (Lane et al. 1981; Nelson et al. 1987; Noll et al. 1995) but not at Ganymede.
Therefore, although the larger ion flux at Europa does produce an O 2 atmosphere over the surface, the more rapid annealing and lack of S at Ganymede apparently results in sufficient O 2 trapping, so the weak "condensed" O 2 bands are seen. The outermost Galilean satellite, Callisto, in contrast, is warmer than Ganymede but experiences a much lower ion flux, so that sufficient O 2 accumulation does not occur. O 2 production and bubble growth, should occur most rapidly in Ganymede's equatorial region if the energetic ion flux is uniform. However, this region experiences net erosion due, primarily, to sublimation, whereas above 115Њ there is a net accumulation of surface by redeposition (Sieveka & Johnson 1982) . Ignoring compositional variations, this suggests the optimum region for accumulating O 2 in bubbles is at midlatitude. Also, the polar region may experience a larger flux of low-energy ions (Kivelson et al. 1996) .
6. SUMMARY High-density O 2 microatmospheres are formed in the ice at Ganymede by radiation/annealing processes that are known to produce bubbles in reactor materials. Remarkably, these O 2 inclusions can have an ozone content, produced primarily by photolysis, as in the Earth's atmosphere. Including the O( 1 D) interactions in the Chapman equations, the calculated ratio, O 3 /O 2 , is very close to that observed. In addition, the O 2 produced by impacting heavy ions permeates the porous regolith (Johnson & Quickenden 1997) , where it can be buried and trapped, and contributes to the gaseous envelopes seen at Europa (Hall et al. 1995) and Ganymede (Hall et al. 1996) .
Although vacancy production and O 2 formation occur on other icy satellites, the ability to observe the weak O 2 visible bands is problematic, since the band depth depends on the photon path length and on the number of O 2 molecules having O 2 neighbors. Therefore, either bubble formation or O 2 burial and thermal segregation (Johnson & Quickenden 1997) are essential. Since O 2 production and trapping are affected by the plasma flux, the surface temperature, the contaminants (e.g., S at Europa), the stability of the surface, and the grain size, the O 2 feature seen at Ganymede is not seen in the heavily bombarded surface of Europa. Therefore, Ganymede's surface properties, temperature regime, and ion flux appear to be special, allowing the direct detection of O 2 in ice via the very weak visible bands. However, as O 2 is produced and aggregates on other icy satellites and in all regions of Ganymede, sufficient O 3 could form, allowing detection via its strong absorption band.
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